HilD, a dominant regulator of Salmonella pathogenicity island 1, can be acetylated by protein acetyltransferase (Pat) in Salmonella Typhimurium, and the acetylation is beneficial to its stability. However, the underlying mechanism of HilD stability regulated by acetylation is not clear. We show here that lysine 297 (K297) located in the helix-turn-helix motif, can be acetylated by Pat. Acetylation of K297 increases HilD stability, but reduces its DNA-binding affinity. In turn, the deacetylated K297 enhances the DNAbinding ability but decreases HilD stability. Under the Salmonella pathogenicity island 1-inducing condition, the acetylation level of K297 is down-regulated. The acetylated K297 (mimicked by glutamine substitution) causes attenuated invasion in HeLa cells, as well as impaired virulence in mouse model, compared with the deacetylated K297 (mimicked by arginine substitution), suggesting that deacetylation of K297 is essential for Salmonella virulence. These findings demonstrate that the acetylation of K297 can regulate both protein stability and DNA-binding ability. This regulation mediated by acetylation not only degrades redundant HilD to keep a moderate protein level to facilitate S. Typhimurium growth but also maintains an appropriate DNA-binding activity of HilD to ensure bacterial pathogenicity.
HilD, a dominant regulator of Salmonella pathogenicity island 1, can be acetylated by protein acetyltransferase (Pat) in Salmonella Typhimurium, and the acetylation is beneficial to its stability. However, the underlying mechanism of HilD stability regulated by acetylation is not clear. We show here that lysine 297 (K297) located in the helix-turn-helix motif, can be acetylated by Pat. Acetylation of K297 increases HilD stability, but reduces its DNA-binding affinity. In turn, the deacetylated K297 enhances the DNAbinding ability but decreases HilD stability. Under the Salmonella pathogenicity island 1-inducing condition, the acetylation level of K297 is down-regulated. The acetylated K297 (mimicked by glutamine substitution) causes attenuated invasion in HeLa cells, as well as impaired virulence in mouse model, compared with the deacetylated K297 (mimicked by arginine substitution), suggesting that deacetylation of K297 is essential for Salmonella virulence. These findings demonstrate that the acetylation of K297 can regulate both protein stability and DNA-binding ability. This regulation mediated by acetylation not only degrades redundant HilD to keep a moderate protein level to facilitate S. Typhimurium growth but also maintains an appropriate DNA-binding activity of HilD to ensure bacterial pathogenicity.
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Salmonella enterica comprises about 2500 serotypes and has a wide variety of hosts, including humans [1] . Usually Salmonella is ingested through contaminated food or drinking water. The bacteria colonize the small intestine and invade nonphagocytic epithelial cells so as to gain access to the underlying lymph tissue. Invasion is mediated by the type III secretion system 1 (T3SS-1) encoded on Salmonella pathogenicity island (SPI) 1. The T3SS-1 is a highly complex needlelike nanomachine and necessary for Salmonella invasion of intestinal epithelial cells, and thus for the intestinal colonization leading to enteritis and systemic infection. The transcriptional regulators HilD, HilA, and InvF induce the expression of the Salmonella pathogenicity island 1 (SPI-1) in a cascade fashion [2] . HilD, a member of the AraC/XylS family of transcriptional regulators, induces the expression of hilA, encoding a transcriptional activator of the inv/spa, prg/org, and sic/sip operons [3] . Moreover, HilD can activate invF expression in a
HilA-independent manner, supposedly by direct interaction with an alternative promoter [4] . HilD can also induce expression of SPI-2 by direct binding to the promoter of ssrAB, which encodes a key regulator of SPI-2 [5] . Therefore, HilD mediates transcriptional cross-talk between SPI-1 and SPI-2 [6] . No doubt this critical transcriptional factor needs to be strictly regulated, ensuring Salmonella to survive and proliferate within phagocytic cells. Lon protease is responsible for more than half the energydependent proteolysis in Escherichia coli [7, 8] . In Salmonella Typhimurium, Lon negatively regulates the efficiency of invasion of epithelial cells and the expression of invasion genes [9] . HilD, a positive regulator of SPI-1, accumulates in Londepleted cells, and the half-life of HilD is 3 times longer in the Lon-depleted mutant than in the Lon + cells. Therefore, the regulation of SPI-1 expression is negatively controlled through degradation of HilD by Lon [10] .
N ε -lysine acetylation frequently occurs in both eukaryotes and prokaryotes. The dynamic and reversible acetylation influences protein conformation and/or charge, thus altering function, structure, stability, and/or localization [11] . In bacteria, there are 2 known mechanisms to regulate the protein acetylation. One is enzymatic, relying on a lysine acetyltransferase to catalyze the donation of the acetyl group from acetyl coenzyme A to the ε-amino group of a lysine residue. The other is nonenzymatic, whereby a high-energy small molecule metabolite acetyl phosphate (AcP) serves as the acetyl donor to a deprotonated lysine residue [12, 13] .
In previous work, Sang et al [14] demonstrated that the protein acetylation regulates the stability of HilD. The further question, therefore, is which acetylation site(s) is (are) responsible for the stability of HilD. In the current study, we identified multiple acetylation sites of HilD by mass spectrometry (MS), and furthermore showed that lysine 297 (K297) was modified by protein acetyltransferase (Pat) in vivo and involved in both the DNA-binding ability and the stability of HilD. These findings provide an unprecedented example in which a single lysine residue acetylation regulates 2 different characteristics of protein.
MATERIALS AND METHODS

Bacterial Strains, Plasmids, and Primers
All strains, plasmids, and primers used in this study are described in Supplementary Tables S1 and S2 .
Electrophoretic Mobility Shift Assay
DNA fragments used for electrophoretic mobility shift assay were amplified by polymerase chain reaction (PCR) using S. Typhimurium 14028S genomic DNA as a template. The promoter region of hilA or hilD was amplified using 6'-FAM-labeled primers (Supplementary Table S2 ). The assay was conducted as described elsewhere [14] .
Western Blot Analysis
The standard Western blot [15] and acetylation Western blot [16] procedures are described elsewhere.
In Vivo Degradation of HilD in Salmonella
Stability of plasmid-derived arabinose-inducible FLAG-tagged HilD and its derivative mutants were measured using in vivo degradation experiments [14] .
Cell Culture and Mouse Experiments
HeLa cell invasion assay and mouse infection by oral gavage and intraperitoneal injection were performed as described elsewhere [14] . All animal experiments were conducted in a manner consistent with the ethical requirements. Detailed information about experimental procedures not provided here can be found in the Supplementary Information.
RESULTS
HilD Acetylation By Pat In Vivo
Previous acetylome analysis showed that HilD is acetylated in S. Typhimurium [17] , and is a substrate of acetyltransferase Pat in vitro [14] . To examine whether HilD is acetylated by Pat in vivo, we coexpressed His-tagged HilD with Pat of S. Typhimurium and determined the acetylation level of HilD by means of Western blot analysis. The results showed that the acetylation level of HilD with Pat coexpression increased by 1.59-fold, compared with that of HilD without Pat coexpression ( Figure 1A ). To detect whether HilD can be deacetylated by CobB, the HilD coexpressed with Pat was treated with CobB in the presence of nicotinamide adenine dinucleotide (NAD + ). However, the acetylation level of HilD did not decrease with CobB treatment (Figure 1B ), indicating that HilD is not a substrate of CobB ( Figure 1B ). Because AcP serves as the acetyl donor to a deprotonated lysine and is a critical determinant of lysine acetylation in E. coli [18] , we treated the HilD with AcP in vitro. As shown in Supplementary Figure S1 , no increase of acetylation signal was observed, suggesting that AcP is not involved in the acetylation of HilD.
To identify the acetylation sites of HilD modified by Pat, we subjected 2 HilD protein samples to MS. One was 6xHis-tagged HilD expressed from a plasmid pQE80-hilD in the deletion mutant of pat, and the other was the above HilD protein treated by Pat. The identified acetylation sites are listed in Supplementary Table S3 ; K23, K34, and K132 were newly identified in this work, and K297 was also identified elsewhere by Wang et al [17] . MS of the peptide containing acetylated K297 from HilD was shown in Supplementary Figure S2 .
MS showed that K297 was fully acetylated after Pat treatment, whereas the acetylation of K297 was not detected without Pat treatment (Supplementary Table S3 ). Moreover, the acetylation of K297 was also reported elsewhere in S. Typhimurium [17] . Therefore, we next focused on the role of K297 in HilD. We prepared the anti-HilD K297Ac specific polyclonal antibody, and its specificity was verified by Western blot analysis (Supplementary Figure S3) . The results showed that the acetylation level of K297 increased drastically after Pat treatment ( Figure 1C ). We also determined the acetylation level of K297 in the pat mutant. FLAG-tagged HilD proteins were enriched by immunoprecipitation using the anti-FLAG antibody from the pat deletion mutant and the wild-type (WT) S. Typhimurium (both in lon deletion background). The results showed that HilD had a lower acetylation level in the pat mutant than in the WT strain ( Figure 1D ). The acetylation level of K297 decreased dramatically in the deletion mutant of pat (0.15-fold that in the WT strain) ( Figure 1D ).
Involvement of K297 in HilD's DNA-Binding Ability
HilD, a member of the AraC/XylS family, can bind to the promoters of hilA and invF [4, 19] . Crystal structures of 2 AraC/ XylS family members, MarA and Rob, showed that these transcription factors contain 2 helix-turn-helix (HTH) motifs [20, 21] . HilD also possesses 2 HTH motifs, and K297 is located in the HTH motif close to the C-terminal; we speculate that acetylation of K297 may affect HilD's DNA-binding ability. To test this speculation, K297 was mutated to arginine (R), glutamine (Q), or alanine (A). The lysine-to-arginine substitution mimicking the nonacetylated form avoids acetylation and keeps a positive charge, whereas the lysine-to-glutamine substitution mimics the constitutively acetylated form by neutralizing the positive charge [22] , and lysine residue replaced with alanine cannot be acetylated or deacetylated.
The WT HilD and K297Q, K297R, K297A mutants were purified to apparent homogeneity (Supplentary Figure S4 ). Electrophoretic mobility shift assay was performed using 6'-FAM-labeled hilA promoter and hilD promoter to examine the DNA-binding abilities of HilD proteins. The results showed that the mobility of hilA promoter DNA was retarded by the WT HilD or K297R at a concentration of 0.08 μmol/L, whereas K297Q and K297A formed a complex with hilA promoter at a higher concentration of 0.30 μmol/L (Figure 2A) . Similarly, the shift bands of both K297Q and K297A with hilD promoter appeared at higher concentrations than those of the WT HilD and K297R (Supplementary Figure S5) .
To further examine the effect of K297 acetylation on the DNA-binding of HilD, we used the site-specific acetylation incorporated N ε -acetyllysine system [23] . As described elsewhere [16] , the K297 site-specifically acetylated HilD (K297Ac) was expressed in E. coli. K297Ac was purified to apparent homogeneity (Supplementary Figure S6) , and the incorporation of acetylated lysine was verified (Supplementary Figure  S3) . We then compared the DNA binding abilities of the WT HilD and K297Ac. The results showed that the mobilities of hilA promoter (Figure 2A HilD not only can induce the expression of hilA to activate SPI-1, but it also promotes SPI-1 expression independent of HilA [24] . Therefore, the acetylation of K297 might affect the messenger RNA levels of hilA and HilA target genes. To examine the effects of HilD acetylation on the transcription of these genes in vivo, we constructed chromosome K297Q, K297R, and K297A mutants individually in S. Typhimurium, named eK297Q (engineered K297Q), eK297R (engineered K297R), and eK297A (engineered K297A), respectively. Similar genetic manipulation was performed with the WT HilD, that is, engineered WT (eWT).
These genetic manipulations did not affect bacterial growth and transcription of hilD and hilA (Supplementary Figure S7) . Afterward, quantitative PCR was used to detect the expression of the indicated genes, including sipC, prgI, invF, and spaS in K297 mutants and the WT S. Typhimurium. Results showed that both K297Q and K297A mutation led to drastic transcription reduction of all the tested genes compared with the WT strain ( Figure 2B ). However, eK297R mimicking nonacetylated HilD did not show activity similar to that of the eWT; the transcriptional levels of the tested genes were decreased in eK297R.
K297 Acetylation Maintaining HilD Stability
In previous work, Sang et al [14] showed that acetylation is involved in the stability of HilD. To further confirm this observation, the null mutation of Pat (A811V) [25] was used to detect the stability of HilD along with the WT Pat. Western blot analysis showed the half-life time of HilD from Δpat::pACYC184-pat was 97 minutes. In contrast, HilD proteins in Δpat::pACYC184-pat A811V were relatively unstable, and the half-life was reduced to 60 minutes ( Figure 3A ).
The next question, then, is which sites are responsible for the stability of HilD. Considering the unexpected phenotype of eK297R in (Figure 2B) , we speculate that K297 may contribute to the stability of HilD. We also observed that K297A was unstable in both WT and Δpat compared with the WT HilD ( Figure 3B ). We used another lysine residue K305 as a control, which is also located in the HTH domain and is an acetylated residue in Salmonella, as reported [17] elsewhere. However, we found that K305A in the WT strain was stable and had a halflife of 162 minutes, close to that of the WT HilD ( Figure 3B) . Next, to explore whether acetylation of K297 has any effects on HilD stability, pBAD-hilD, pBAD-hilD (K297Q), pBAD-hilD (K297R), and pBAD-hilD (K297A) were constructed and transformed into the deletion mutant of hilD. Results showed that K297Q mimicking the acetylated state was more stable than K297R mimicking the deacetylated form, and the K297Q halflife was approximately 1.55-fold longer compared with K297R. In addition, K297A, which cannot be acetylated or deacetylated, had low stability, and its half-life was only about 55% of that for K297Q ( Figure 3C ).
Because the stability of HilD is controlled negatively by Lon protease [10] , K297R is more stable in the lon deletion background. Therefore, we compared the transcription of HilD-regulated genes in eK297R and eWT in the lon deletion background, which excludes the effect of protein stability, and found that the messenger RNA levels of HilD-regulated genes in eK297R increased dramatically compared with these in eWT ( Figure 3D ), indicating that K297R mimicking deacetylation can effectively activate HilD-regulated genes by increasing its DNA-binding affinity in the lon mutant background in vivo.
Acetylation of HilD K297 Impairing Invasion Ability of Salmonella
We next investigated whether the acetylation level of K297 is correlated to the expression level of SPI-1 in vivo. Because the deletion mutation of lon has a higher HilD level [10] , the chromosome HilD-FLAG was constructed on the lon deletion background. The high-salt conditions can induce SPI-1 gene expression [26] . Cells were grown overnight in Luria-Bertani (LB) medium and then transferred into fresh LB medium supplemented with 1% sodium chloride, and the induction of HilD was confirmed by Western blot analysis (Supplementary Figure  S8) . The FLAG-tagged HilD was immunoprecipitated by anti-FLAG antibody, and the acetylation of K297 was decreased by about 20% (Figure 4A ), indicating that the SPI-1-inducing condition down-regulates the K297 acetylation level.
HilD occupies a position at the apex of the regulatory cascade within SPI-1, which is required for invasion of the intestinal epithelium. We then tested the role of acetylation of K297 in cell invasion. We infected HeLa cells with eWT or eK297 mutants of S. Typhimurium with multiplicities of infection of 100 for 1 hour, followed by 100-μg/mL gentamicin treatment for 2 hours to kill the extracellular bacteria. Afterward, HeLa cells were lysed, and the invaded bacteria were released and plated on LB agar followed by colony counting. As shown in (Figure 4B) , the invasion rate of eK297Q and eK297A was reduced by 60% compared with eWT, and eK297R had a similar invasion rate compared with eWT.
Next, to determine the role of K297 acetylation in S. Typhimurium virulence, we used eK297 mutants along with eWT to infect mice orally and intraperitoneally. The infection dose via oral gavage was 2.0 × 10 7 colony-forming units, and the same volume of phosphate-buffered saline was used as a control. Within an 11-day monitoring period, mice infected with eWT or eK297R and all died by day 7 after infection, and all eK297Q-infected mice died within 10 days after infection ( Figure 4C ).
The intraperitoneal administration at a dose of 1.5 × 10 5 colony-forming units showed that eWT and eK297R had similar virulence in mice. As expected, eK297Q and eK297A showed lower virulence than eWT or eK297R; in particular, 2 eK297A-infected mice remained alive throughout the whole experiment period ( Figure 4C ). The immunohistochemistry results showed that eK297Q and eK297A colonized less in ceca than eWT and eK297R. Although both eWT and eK297R could successfully invade the intestinal epithelial cell, eWT had a stronger ability to colonize in ceca than eK297R ( Figure 4D ), suggesting that K297Q mimicking acetylation and K297A without (de)acetylation could significantly impair the colonization of Salmonella in ceca.
DISCUSSION
Modulation by Pat on HilD K297 Acetylation
The SPI-1 genes are tightly regulated by a set of transcription factors, including HilD, HilC, and RtsA. In a feed-forward loop, each of them can activate the transcriptional SPI-1 activator HilA. HilD is a dominant regulator of hilA transcription, and HilC and RtsA amplify its expression [27] . In the current study, we showed that HilD is acetylated by acetyltransferase Pat in vivo. The overexpression of pat could increase the acetylation of HilD ( Figure 1A) , and its absence could decrease this acetylation ( Figure 1D ). More importantly, the acetylation of K297 was abolished in the deletion mutant of pat ( Figure 1D ). MS data showed that K23, K34, and K132 of HilD could be acetylated partially by Pat, and K297 could be acetylated completely by Pat (Supplementary Table S3 ). These findings suggest that the acetylation of K297 is modulated by Pat, and the acetylation of other lysine residues may be regulated by Pat and/or other factors.
Acetylation of K297 Regulating HilD DNA-Binding Ability and Stability
At the transcriptional level, the expression of hilD is positively autoregulated and modulated by a feed-forward loop involving HilD itself and regulators HilC and RtsA [3, 28] . Although posttranscriptional regulation is dominant for HilD, the cellular concentration of HilD especially is controlled by the Lon protease [10] . Our results showed that the deacetylated form of HilD K297 appeared unstable, whereas the acetylation would improve its stability ( Figure 3C ). In lon-knockout background, K297R mimicking deacetylation is more stable and could activate the transcription of HilD-targeted genes ( Figure 3D ). Therefore, acetylation is an important mechanism to modulate the stability of HilD on a posttranslational level. Similarly, acetylation of RNase R, an exoribonuclease important for degradation of structured RNAs, can regulate protein stability in a growth phase-dependent way [29] .
However, how the acetylation of HilD K297 affects the protein stability is still unknown. Although we tried to degrade HilD by incubation with Lon in vitro, we found that Lon cannot degrade HilD. Considering that degradation of HilD by Lon was observed only in vivo [10, 30] , we speculate that such degradation may need other factors. For example, DnaA is a substrate Figure 4 . Virulence of HilD K297 mutants in mouse models. A, Acetylation level of HilD K297 in Salmonella pathogenicity island (SPI) 1-inducing condition. After culturing in low-oxygen and high-salt conditions to induce SPI-1, cells were harvested for immunoprecipitation (IP) assay. FLAG-fused HilD proteins were immunoprecipitated by the anti-FLAG antibody. Acetylation level of HilD K297 was determined by the anti-HilD K297Ac specific antibody (α-K297Ac), and the acetylation level of HilD was determined by the pan anti-acetyllysine antibody (α-Acetyl). Western blots are representative of ≥3 independent biological replicates. B, Different invasion abilities of engineered wild-type (eWT), eK297Q, eK297R, and eK297A in HeLa cells. HeLa cells were infected at a multiplicity of infection of 50. Cells lysates were plated on agar plates, and bacterial colonies were counted to calculate invasion efficiency. Error bars represent standard deviations from ≥3 independent experiments. *P < .01 (analysis of variance). C, Virulence of K297 mutant in mice infected by both oral gavage and intraperitoneal injection. PBS, phosphate-buffered saline. D, K297 mutants in mice ceca. At 60 hours after oral infection, the mice were killed by cervical dislocation, and ceca were harvested for staining. Paraformaldehyde-fixed paraffin sections were stained for actin; for nuclei, with DAPI (4′, 6′-diamidino-2-phenylindole; or for Salmonella lipopolysaccharide (LPS). Images are shown at ×200 original magnification.
of Lon, and DnaK, as chaperone, is required for the degradation of DnaA [31] . Therefore, we propose that the acetylation of K297 may affect HilD interaction with an unknown degradation-needed chaperone, or the acetylation of K297 may block Lon access to HilD, thus preventing the acetylated HilD from being degraded by Lon.
Recently, Hung et al [30] reported that HilD was posttranslationally modified by propionyl coenzyme, which promoted its degradation. They further demonstrated that Pat was involved in regulating HilD stability, but they did not identify lysine residues involved in the regulation of HilD stability [32] . There are several explanations to the inconsistency. First, Hung and colleagues [32] expressed pwsk129-tetHilD 11K-R (a total of 11 acetylated lysine identified by MS) in the hilD mutant. The simultaneous mutation of multiple lysine residues may affect the conformation of the protein, leading to the low transcription of HilD-regulated genes.
Moreover, the negative and positive effects from different lysine residues may counteract each other. Second, they only determined the stability of HilD in Pat overexpression condition. We complemented pat in the pat deletion mutant, and the phenotypes could be restored by the complementation of pat ( Figure 3A) . Furthermore, we used K305A mutant as a negative control ( Figure 3B ) to show that Pat-dependent acetylation could stabilize HilD. K297Q mimicking acetylation was more stable than K297R mimicking deacetylation. The luciferase assays were used to monitor the expression of HilD-regulated genes in pat-overexpressing condition in the work by Hung et al [32] , however, we used pan anti-acetyllysine antibody [14] or anti-HilD K297Ac-specific antibody [this study] to determine the acetylation level of HilD, and quantitative PCR [this study] to validate the expression of HilD-regulated genes. Another possibility is the difference in culture media caused the different expression levels of HilDregulated genes, because carbon sources have a strong effect on protein posttranslational modifications.
Acetylation Coordinating HilD Activity to Modulate Salmonella Virulence
In mouse model, we showed the virulence of K297Q was stronger than that of K297A regardless of the routes of administration ( Figure 4C ), suggesting that K297Q could maintain HilD activity compared with K297A. Although both K297Q and K297A had defects in DNA-binding, K297Q was more stable than K297A. The WT strain and K297R showed similar invasion ability in HeLa cells ( Figure 4B ) and virulence in mice, which were stronger than these of K297Q and K297A ( Figure 4C ). These findings suggest that deacetylated K297 has an advantage over acetylated K297 under infection condition, which is consistent with the declined acetylation level of K297 in the SPI-1-inducing condition ( Figure 4A ). Working model depicting acetylation regulates protein stability and DNA-binding ability of HilD. Acetylation at K297 increases protein stability but reduces its DNA-binding affinity, leading to failure to activate Salmonella pathogenicity island 1. Deacetylated K297 has a stronger DNA binding ability that promotes expression of hilD by autoregulation and activates hilA as well as genes encoding type III secretion system (T3SS) apparatus and effectors. However, deacetylated HilD at K297 is unstable, and it can be degraded by Lon protease soon to ensure that there are not too many HilD proteins in bacterial cells. Therefore, acetylation regulates both protein stability and DNA-binding ability to maintain the activity and appropriate amount of HilD in Salmonella Typhimurium.
K297 was one of the acetylated sites in HilD, and acetylated K297 would increase its stability, which was consistent with the model Sang et al [14] proposed elsewhere. However, we found that K297R mimicking deacetylation displayed a stronger pathogenicity in mice than K297Q mimicking acetylation. This result seems contrary to the phenotype that Δpat has a significant reduction in pathogenicity in mice [33] . Our MS analyses identified that other lysine residues were acetylated after Pat treatment (Supplementary Table S3 ). HilD proteins from the deletion mutant of pat still had acetylation signals (Figure 1D ), suggesting the existence of acetylation from other lysine residues. Therefore, we speculate that the phenotype of Δpat in mice model might be an integrated result of these acetylated lysine residues.
Dynamic Acetylation Regulation Mechanism Maintaining the Amount of HilD
The discovery here that acetylation of a specific lysine residue in HilD increases protein stability but decreased its DNA-binding ability provides an example of a direct effect of acetylation on a regulatory process in bacteria ( Figure 5 ). The data provide a likely explanation for the amount control of the SPI-1 regulator HilD in cells, because the high protein level of HilD is harmful for the growth of Salmonella [34] . In addition, T3SS-1 + cells grow slower than T3SS-1 -cells, T3SS-1 expression represents a ''cost'' to the bacterial cell, and retarded growth appears in HilD-overproducing conditions [35] . Therefore, we propose that Salmonella uses acetylation to maintain finely the intracellular amount of HilD to obtain appropriate growth.
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